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ABSTRACT 


i I 


Todd,  Richard  Allen  II.  M.S.,  Purdue  University, 

May  1978.  Disturbed  Versus  Undisturbed  Conditions  in 
the  Caribbean  During  the  Intensification  of  Hurricane 
Carmen  (1974).  Major  Professor:  Dayton  G.  Vincent. 

A comparative  diagnostic  analysis  of  measured  and 
computed  properties  for  disturbed  and  undisturbed  conditions 
in  the  Caribbean  during  Hurricane  Carmen’s  (1974)  intensi- 
fication from  a tropical  depression  just  west  of 
Guadeloupe  (0000  GMT  30  August)  to  a major  hurricane  at 
landfall  on  the  Yucatan  Peninsula  (1200  GMT  2 September) 
is  presented.  Disturbed  and  undisturbed  regions  are  deter- 
mined from  SMS-1  infrared  imagery.  This  satellite  imagery, 
along  with  rawinsonde  and  surface  reports  taken  during  the 
Global  Atmospheric  Research  Program's  (GARP)  Atlantic 
Tropical  Experiment  (GATE) , represent  the  primary  data 
used  in  this  study. 

Means  representing  eight  consecutive  synoptic  times, 

12  hours  apart,  beginning  at  0000  GMT  are  presented  for 
measured  and  computed  quantities.  Comparisons  are  made 
between  conditions  in  disturbed  and  undisturbed  regions, 
and  disturbed  regions  are  partitioned  into  Carmen  and  other 
disturbances.  A comparison  is  also  made  between  Carmer’s  — 
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I.  INTRODUCTION 
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In  the  last  10-15  years  interest  in  tropical  meteor- 
ology has  significantly  increased  due,  in  part,  to  the 
advent  of  the  meteorological  satellite.  The  satellite 
not  only  confirmed  many  previously  known  circulation  fea- 
tures, but  also  revealed  many  new  ones.  A prominent 
example  of  the  latter  was  evidence  provided  by  satellite 
photographs  that  a dominant  scale  of  motion  was  the  oon- 
vectively-active  cloud  cluster  disturbance.  Cloud  clusters 
typically  contain  organized  convective  clouds  whose  hori- 
zontal scale  varies  from  100  to  1000km.  The  Global  Atmos- 
pheric Research  Program's  CGARP)  Atlantic  Tropical  Experi- 
ment (GATE),  held  from  June -September  19^4,  had  as  one 
of  its  primary  goals  to  investigate  the  structure  and 
energetics  of  the  cloud  cluster  disturbance. 

As  part  of  a diagnostic  study  of  the  large-scale 
flow  during  the  intensif icati an  of  Hurricane  Carmen  (1974) 
in  the  Caribbean,  this  study  attempts  to  further  the 
GATE  objectives  by  addressing  the  convection  problem. 

Infrared  satellite  imagery  is  used  in  conjunction  with 
rawinsonde  data  to  diagnose  several  large-scale  circulation 
parameter’s  associated  with  convective  disturbances.  Averages 
are  compiled  over  a four-day  period  which  is  commensurate 
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with  Carmen's  life  cycle  over  the  Caribbean.  The  results 
not  only  show  that  meaningful  information  can  be  obtained 
from  short-term  averaging,  but  also  that  such  averaging 
bridges  the  gap  between  early  satellite  studies  which  con- 
centrated on  a single  satellite  image  and  recent  studies  in 
which  satellite  data  have  been  used  to  composite  long-term 
means  Ce.g.  Reed  and  Recker,  1971;  Yanai  et  al,  1973;  and 
Williams  and  Gray,  1973). 

Among  the  various  compositing  techniques,  the  one 
used  by  Professor  William  M.  Gray  and  his  colleagues  at 
Colorado  State  University  (CSU)  will  be  mentioned  because 
it  provides  the  most  favorable  points  for  comparison  with 
results  of  this  study.  In  the  CSU  technique  conventional 
rawinsonde  data  are  composited  relative  to  the  center  of 
the  area  under  observation  as  seen  from  the  satellite 
image.  Their  data  included  two  years  of  ESSA  satellite 
pictures  and  about  12,000  rawinsonde  observations.  Since 
part  of  the  CSU  work  contains  long-term  averages  in  the 
region  near  that  of  the  present  study,  it  is  of  interest 
to  review  that  work.  The  results  are  summarized  below 


and  are  from  Ruprecht  and  Gray  (1974,  1976a,  1976b)  unless 
otherwise  cited. 

Temperature  was  presented  in  terms  of  the  difference 


in  virtual  temperature  between  the  clear  and  cloud  cluster 
areas.  Differences  were  generally  small,  between  +1.4°C, 
except  in  the  upper  troposphere.  The  authors  concluded 


that  relative  temperature  differences  were  insignificant. 
Differences  in  relative  humidity  between  clear  and  cluster 
areas  were  30-40%  in  the  middle  troposphere;  however, 
below  900  mb,  little  difference  was  seen.  Cloud  clusters 
showed  inflow  (convergence)  up  to  about  450  mb  with  a 
maximum  at  about  900  mb.  Outflow  (divergence)  was  found 
at  higher  levels  with  a maximum  near  250  mb.  Divergence 

values  ranged  from  approximately  -3  x 10  s near  900  mb 

— 6 — 1 

to  4 x 10  s near  250  mb.  Vertical  velocity  showed  a 

profile  compatible  with  the  divergence  and  had  maximum 

-4  -1 

upward  motion  of  approximately  8.7  x 10  mb  s near  400  mb. 
The  authors  did  not  present  similar  divergence  and  vertical 
motion  information  for  clear  regions.  Cloud  clusters 
showed  weak  anticyclonic  vorticity  at  all  levels,  while 
clear  regions  showed  strong  anticyclonic  vorticity  at  all 
levels.  Cluster  vorticity  maximum  was  about  -6  x 10-6s-''' 
at  100  mb  while  the  clear  area  maximum  was  about  -16  x 
10  at  300  mb. 

Low  values  of  vertical  wind  shear  in  the  troposphere 
have  been  shown  to  be  an  important  parameter  in  the  develop- 
ment of  tropical  disturbances  and  storms  from  cloud  clusters 
whereas,  high  shear  zones  have  been  cited  as  unfavorable 
(Gray,  1968).  McBride  (1978)  investigated  the  vertical 
shear  of  the  zonal  wind  in  the  900  to  200  mb  layer  and 
found  that  strong  horizontal  gradients  of  the  shear,  north 
and  south  of  the  zero  shear  line,  were  also  a significant 


factor.  He  further  defined  genesis  potential  (GP)  as 
^900  mb  ~ ^°00  mb  an<^  f°un<^  that  this  parameter  was  a good 
indicator  of  cloud  cluster  development.  He  analyzed  GP 
over  a 0-6°  radius  of  a disturbance  and  found  values  3-4 
times  greater  for  developing  tropical  systems  than  for 
non-developing  ones . 

The  various  studies  cited  above  have  attempted  to 
identify  factors  that  might  be  used  to  distinguish  developing 
cloud  clusters  from  non-developing  ones.  This  study  also 
attempts  to  look  at  distinguishing  factors;  however,  major 
differences  exist  between  previous  studies  and  the  present 
one.  First,  the  present  study  considers  short-term  averages 
for  a particular  synoptic  event,  as  opposed  to  a composite 
of  many  synoptic  events.  Second,  this  study  attempts  to 
consider  convectively  active  disturbances  that  are  smaller 
in  scale  than  the  cluster  size  defined  in  the  composites. 
Third,  this  study  gives  equal  treatment  to  convectively 
inactive  (undisturbed)  regions.  Fourth,  this  study  also 
compares  convective  areas  associated  with  an  intensifying 
hurricane  (Carmen,  1974)  to  those  of  other  (local)  distur- 
bances. Fifth,  a comparison  is  made  between  the  cloud 
cluster  identified  as  Carmen  and  the  moving  volume  containing 
Carmen  (Vincent  and  Waterman,  1978). 

The  goals  of  the  present  study  are  to:  (1)  determine 
what  conditions,  if  any,  are  characteristic  of  convective 
(disturbed)  and  non-convective  (undisturbed)  activity; 


(2)  compare  short-term  results  to  those  for  the  longer 
term,  (e.g.  Ruprecht  and  Gray,  1976a,  b) ; (3)  isolate 
convective  activity  associated  with  Carmen  (1974)  and 
compare  meteorological  conditions  to  those  occurring  in 
the  remaining  disturbed  areas ; (4)  compare  satellite 
derived  parameters  associated  with  Carmen  to  similar  para- 
meters calculated  by  Vincent  and  Waterman  (1978)  for  a 
moving  volume  containing  Carmen. 

In  attempting  to  satisfy  these  goals  the  following 
parameters  will  be  considered:  sea  surface  temperature, 
temperature  difference  (to  be  defined  later) , relative 
humidity,  divergence,  vertical  motion,  relative  vorticity 
and  kinetic  energy  content.  These  parameters  will  be  com- 
pared between  disturbed  and  undisturbed  regions.  Further- 
more , the  disturbed  regions  will  be  partitioned  to  isolate 
features  attributable  to  Carmen  so  that  a comparison  between 
Carmen  and  other  disturbed  areas,  as  well  as  between  Carmen 
and  moving  volume  computations,  can  be  made. 


II.  COMPUTATIONAL  METHODS 


2.1  Data  Sources 

The  period  mid- June  through  mid-September  1974  was 
a time  of  intense  investigation  of  tropical  meteorological 
phenomena.  This  time  period  corresponded  to  the  Global 
Atmospheric  Research  Program's  (GARP)  Atlantic  Tropical 
Experiment  (GATE).  Data  collected  during  the  GATE  included 
conventional  surface  and  upper  air  data  and  were  supplemented 
by  an  assemblage  from  other  observing  platforms  including 
ships,  aircraft,  and  satellites.  Surface  (land  and  ship) 
and  upper  air  reports  provided  the  primary  data  sources 
for  the  present  study,  with  geostationary  satellite  imagery 
being  the  guiding  factor  in  determining  how  the  data  were 
composited.  All  these  data  were  obtained  from  listings 
given  in  the  GATE  data  catalogue  in  Asheville , North 
Carolina  and  include:  (1)  the  Quick  Look  Data  Set  created 
from  observations  stored  in  the  United  Kingdom  Synoptic 
Data  Bank,  (2)  the  National  Meteorological  Center  GARP 
Level  II  data  tapes  and  (3)  microfilm  copies  of  data, 
chart  analyses  and  infrared  SMS-1  satellite  imagery  maps. 
Additional  sources  of  data  used  in  this  paper  were  the 
Florida  State  University  sea  surface  temperature  tape 


( Krishnamurti  e_t  al,  19  76  ) and  the  movie  "14  Days  of 
Hurricane  Carmen"  provided  by  the  Goddard  Institute  of 
Space  Studies,  National  Aeronautics  and  Space  Administration. 

Horizontal  wind  components  and  temperature  were 
plotted  and  subjectively  analyzed  at  the  surface,  R50,  700, 
500,  400,  300,  250,  2C0,  150,  100  and  70  mb  for  each  of  the 
eight  synoptic  times.  Relative  humidity  was  analyzed  up 
to  its  last  reporting  level,  300  mb.  Infrared  satellite 
brightness  was  used  to  supplement  humidity  reports.  A 
value  was  calculated  for  70  mb,  based  on  the  temperature 
at  that  level  and  a specific  humidity  of  2.3  x 10”  (Masten- 
brook , 1968),  and  a linear  change  was  assumed  to  occur 
between  300  mb  and  70  mb.  Wind  and  humidity  data  were  then 
extracted  from  the  subjectively-analyzed  maps  at  2.5  degree 
latitude-longitude  grid  points  for  the  region  bounded  by 
30°N,  55°W,  5°N  and  95°W,  excluding  a region  of  no  data 
in  the  northeast  corner,  bounded  by  30°N,  55°W,  25°N  and 
72.5°W.  Analyses  of  gridded  data , including  computed  values 
of  vertical  motion,  were  objectively  analyzed  by  the  Purdue 
CDC  6500  using  a plotting  routine  obtained  from  NCAR.  This 
made  it  possible  to  check  for  errors  incurred  during  the 
data  reduction  process  by  comparing  these  analyses  to  the 
original  hand-drawn  charts.  Analyses  were  also  checked 
for  vertical  and  temporal  continuity  and  a final  data  set 
was  obtained  which  was  used  in  all  subsequent  computations. 
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2.2  Data  Processing 

Data  processing  began  with  an  examination  of  infrared 
SMS-1  imagery.  The  original  images  were  approximately 
thirty  minutes  apart.  Although  these  were  used  for  guidance 
and  decision  making,  only  those  charts  at  synoptic  times, 
twelve  hours  apart,  were  ultimately  used.  The  study  takes 
place  from  0000  GMT  30  August  1974  to  1200  GMT  2 September 
1974.  The  area  of  study,  location  of  rawinsonde  stations 
which  provided  data  and  Carmen's  path  across  the  Caribbean 
are  shown  in  Fig.  1.  Satellite  images  for  each  synoptic 
time  are  shown  in  Fig.  2.  These  images  were  examined  to 
decide  which  areas  were  disturbed  and  undisturbed.  Dis- 
turbed areas  were  taken  to  be  those  showing  the  greatest 
brightness,  and  all  other  areas  were  considered  to  be 
undisturbed.  Bright  areas  were  assumed  to  be  representa- 
tive of  deep  cumulus  clouds  and  their  corresponding  cirrus 
shields.  This  technique  is  consistent  with  cloud-type 
identification  practiced  operationally  (Anderson  et^  al,  1974). 

In  order  to  conform  to  the  format  already  available 
in  the  upper  air  data,  disturbed  and  undisturbed  areas, 
as  identified  from  the  satellite  image,  were  reduced  to 
a 2.5  degree  latitude- longitude  grid.  The  percentage  of 
the  area  occupied  by  disturbed  conditions  in  each  grid 
square  surrounding  a grid  point  was  recorded  to  the  nearest 
20%.  Values  of  all  observed  and  computed  parameters  were 
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Figure  1.  Area  of  study  with  storm  track  of  Hurricane  Carmen 
rawinsonde  stations  providing  synoptic  data. 
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frared  satellite  imagery  (a)  OCOC  GMT,  (b)  1200  GMT  20  August 
0000  GMT,  (d)  1200  GMT  31  August  74,  (e)  0000  GMT , (f)  1200 
e p t ember-  74  , (g)  CO 0 0 GMT,  and  (h)  1200  3MT  2 eptember  74  . 


also  recorded.  Weighted  averages  for  disturbed  and  undis- 
turbed values  of  parameters  were  calculated  for  each 
analysis  time  at  the  grid  points  shown  in  Fig.  3.  Figure 
4 shows  an  example  of  a gridded  cloud  map  with  numbers 
representing  appropriate  percentages. 

For  a more  detailed  look  at  disturbed  areas,  the 
satellite  data  were  partitioned  into  two  categories,  the 
disturbed  area  associated  with  Carmen  and  the  area  asso- 
ciated with  other  (local)  disturbances.  Consequently, 
results  were  partitioned  into  four  groups:  total  undisturbed, 
total  disturbed,  Carmen,  and  other  disturbances  excluding 
Carmen.  The  areas  occupied  by  each  category  for  each 
synoptic  time  are  presented  in  Table  1. 


2.3  Computed  Quantities 

All  computations  were  performed  in  spherical  coor- 
dinates; however,  for  convenience,  equations  are  shown 
below  in  cartesian  coordinates.  Sea  surface  temperature, 
air  temperature,  and  relative  humidity  were  readily 
available  at  grid  points  and  required  no  calculations. 
Horizontal  divergence  was  calculated  from 
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Divergence  values  were  then  adjusted,  using  a scheme 
similar  to  that  proposed  by  O'Brien  (1970),  such  that 
the  total  divergence  in  a column  of  air  above  each  grid 
point  was  zero.  Vertical  motions  were  computed  by  the 


Table  1 


Area  and  percentage  of  area  classified  as 
disturbed  and  undisturbed  by  analysis  time. 
Disturbed  area  partitioned  into  Carmen  and 
other  disturbances. 

Total  Area:  8.9  x 1012m2 


Analysis  time 

Disturbed  ( " ) 

Undisturbed  (%) 

1 

22 

78 

2 

16 

84 

3 

18 

82 

4 

14 

86 

5 

24 

76 

6 

16 

84 

7 

19 

81 

8 

10 

90 

Average 

T7 

TS 

Analysis  time 

Disturbed  Area 
(x  10 1 2m2 ) 

Carmen  ( % ) 

Other 

Disturban* 

1 

1.9 

43 

57 

2 

1.4 

45 

55 

3 

1.6 

32 

68 

4 

1.2 

13 

87 

5 

2.2 

31 

69 

6 

1.4 

38 

62 

7 

1.7 

60 

40 

8 

0 . 8 

36 

64 

Average 

1.5 

3T 

6~3 

III.  SYNOPTIC  DISCUSSION 


3.1  0000  GMT  30  August  1974 

At  this  time  undisturbed  conditions  occupy  a relatively 
large  area  (Fig.  2a  and  Table  1).  Most  noteable  regions  are 
the  Gulf  of  Mexico,  north  of  20°N  and  the  northern  coast  of 
South  America.  Prominent  disturbed  areas  occur  off  the 
west  coast  of  Florida  and  over,  as  well  as  south  of,  the 
Yucatan  Peninsula.  Several  large,  apparently  isolated, 
convective  cells  are  seen  inland  near  the  coast  of  South 
America.  The  dominant  feature  is  an  elongated  cloud  mass 
running  east  to  west  between  about  50°N  and  70°W  and  bounded 
by  approximately  15°N  and  20°N.  This  cloud  cluster  contains 
the  tropical  depression  which  becomes  Hurricane  Carmen. 

The  low  level  (850  mb)  streamline  pattern  (Fig.  5a)  shows 
that  easterly  flow  dominated  throughout  the  region.  The 
elongated  cloud  cluster's  western-most  portion,  which  con- 
tains Carmen,  is  located  at  the  crest  of  the  inverted 
trough.  The  only  other  significant  cloud  mass  is  in  the 
vicinity  of  the  Yucatan  peninsula. 

3.2  1200  GMT  30  August  1974 

Undisturbed  areas  are  slightly  more  prominent  at 
this  time  than  at  the  previous  time  (Fig.  2b  and  Table  1). 
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Figure  5.  850  mb  streamline  with  isotachs  in  units  of 

ms"1  (a)  OOOO  GMT,  (b)  1200  GMT  30  August  74, 

(c)  OOOO  GMT,  (d)  1200  GMT  31  August  74, 

(e)  0000  GMT,  (f)  1200  GMT  1 September  74, 

(g)  0000  GMT,  and  (h)  1200  GMT  2 September  74 
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Very  noticeable  from  the  cloud  photographs  is  the  decrease 
in  the  number  and  size  of  individual  large  convective  cells 
and  in  the  size  of  the  cloud  mass  over  the  Yucatan  peninsula. 
Furthermore,  the  Yucatan  cloud  mass  now  only  shows  a few 
isolated  areas  of  disturbed  conditions.  The  most  significant 
change  from  the  previous  time  is  the  development  of  Carmen 
into  a tropical  storm  at  the  western  end  of  the  elongated 
cloud  cluster.  The  streamline  pattern  shows  that  the  wave 
associated  with  Carmen  has  increased  in  amplitude  (Fig.  5b). 
There  is  also  diffluence  over  Central  America  which  generally 
corresponds  with  decreased  convective  cloudiness. 

3.3  0000  GMT  31  August  1974 

Again,  this  time  shows  a large  proportion  of 
undisturbed  conditions  (Fig.  2c,  Table  1).  Major  dis- 
turbed regions  are  essentially  the  same  as  at  previous 
times.  There  is  a tendency  for  large  isolated  convective 
cells  to  occur  over  the  land  masses  of  southern  Mexico, 
Central  America,  and  South  America.  The  cloud  cluster 
containing  Tropical  Storm  Carmen  has  decreased  in  size 
and  shows  a more  distinct  circulation.  These  cloud  features 
are  set  against  a background  of  low  level  easterly  flow 
(Fig.  5c).  A cyclonic  center  is  southwest  of  Carmen's 
position  but  there  is  no  apparent  relation  between  it  and 
the  cloud  pattern  shown  in  Fig.  2c.  A confluence  pattern 
over  Central  America  corresponds  well  with  the  large  cells 
in  that  region. 


3.4  1200  GMT  31  August  1974 


The  dominant  condition  over  water,  except  for  the 
cloud  cluster  containing  Carmen,  is  undisturbed  (Fig.  2d). 
Carmen  is  now  at  hurricane  strength  and  has  become  very 
compact,  occupying  an  area  less  than  5°  in  latitude  and 
longitude.  The  low  level  streamline  pattern  shows  the 
strong  influence  of  the  hurricane  with  flow  directed  toward 
the  cyclonic  center  still  southwest  of  the  hurricane's 
position  (Fig.  5d) . South  of  20°N,  confluence  is  the 
dominant  feature. 

3.5  0000  GMT  1 September  1974 

Disturbed  conditions  show  an  increase  from  the  previous 
time  with  distinct  isolated  convective  regions  appearing 
over  southern  Florida  and  over  the  Yucatan  peninsula 
(Fig.  2e,  Table  1).  Large  disturbed  areas  over  South 
America  are  still  evident  and  even  grow  in  size  from  the 
previous  time.  Convective  cloudiness  associated  v/ith 
Hurricane  Carmen  has  expanded.  Another  cloud  cluster 
appears  between  15°N  and  20°N  near  the  eastern  portion  of 
the  area  of  study.  The  streamline  pattern  at  850  mb 
continues  to  show  a confluence  pattern  in  the  Caribbean 
and  cyclonic  center  remains  southwest  of  the  hurricane's 
position  (Fig.  5e).  Confluence  also  corresponds  well  with 
the  disturbed  area  over  northeastern  South  America.  Another 
cyclonic  circulation  and  a small  amplitude  wave  seem  to  be 
associated  with  the  cloud  cluster  at  the  eastern  portion 
of  the  analyzed  area. 


3.6  1200  GMT  1 September  1974 


Major  convective  areas  over  land  are  nearly  non- 
existent (Fig.  2f).  The  only  significant  disturbed 
areas  are  those  associated  with  Hurricane  Carmen  v.d  the 
other  cloud  cluster  to  the  east,  which  has  remained  nearly 
stationary  since  the  previous  time.  The  supporting  850mb 
streamline  pattern  shows  very  little  change  in  pattern 
except  that  the  cyclonic  circulation  associated  with 
Carmen  is  now  located  south  of  the  hurricane  (Fig.  5f) . 

The  cyclone  center  associated  with  the  cluster  to  the 
east  is  no  longer  resolvable,  but  there  is  evidence  of 
a slight  wave  and  some  corresponding  confluence. 

3.7  0000  GMT  2 September  1974 

Small  isolated  convective  regions  are  again  seen 
over  northern  South  America  (Fig.  2g) . The  cloud  cluster 
located  in  the  eastern  portion  of  the  region  appears  to 
have  decayed  slightly.  The  western  portion  of  the  hurricane 
circulation  is  now  over  the  Yucatan  peninsula  and,  as  a 
result,  the  areas  of  northern  Central  America  and 
adjacent  waters  represent  a major  disturbed  region.  The 
remainder  of  the  sea  surface  area  is  basically  undisturbed. 
Low  level  streamlines  (Fig.  5g)  show  a tendency  for  flow 
into  the  hurricane  from  the  eastern  Pacific  instead  of  the 
Caribbean,  as  was  the  case  previously. 


3.8  1200  GMT  2 September  1978 

Several  isolated  convective  cells  can  be  seen  over 
Central  America  and  South  America;  but,  other  than  *'r.ese 
and  the  disturbed  area  over  the  Yucatan  peninsula  asso- 
ciated with  the  hurricane , the  entire  region  is  essentially 
undisturbed  (Fig.  2h).  The  850mb  streamline  pattern 
has  weakened  and  the  only  major  feature  remaining  is  the 
cyclonic  circulation  southwest  of  the  hurricane's  position 
(Fig.  5h). 

Other  synoptic  discussions  of  hurricane  Carmen  can 
be  found  in  Hope  (1975)  and  Thompson  and  Miller  (1976). 

The  latter  is  based  on  infrared  satellite  photographs  and 
discusses  Carmen's  complete  history. 
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IV.  RESULTS 


Sea  surface  temperature,  air  temperature  difference, 
relative  humidity,  divergence,  vertical  motion,  relative 
vorticity,  and  kinetic  energy  content  are  discussed  in 
sections  4.1  - 4.7  respectively.  Section  4.8  compares 
Carmen’s  results  from  sections  4.1  - 4.7  to  those  derived 
for  the  moving  volume  containing  Carmen,  given  by  Vincent 
and  Waterman  (1978).  Results  are  presented  in  two  formats: 
vertical  distributions  (profiles)  and  time  plots.  Time 
plots  represent  the  value  of  a particular  parameter  either 
at  some  designated  level  (or  layer)  or  for  the  entire  atmos- 
pheric vertical  column.  Each  point  on  the  time  plot  corres- 
ponds to  one  of  the  eight  synoptic  times  referred  to  earlier. 
Although  time  plots  were  constructed  for  most  quantities, 
many  did  not  show  any  identifiable  trend  (e.g.  diurnal, 
synoptic  related)  and,  therefore,  will  not  be  discussed. 

For  data  relative  to  Carmen,  the  storm  stage  is  also  indi- 
cated. In  sections  4.1  - 4.7,  two  sets  of  profiles  and 
time  plots  are  presented.  One  compares  all  disturbed  areas 
to  undisturbed  areas  and  the  other  compares  Carmen  to  other 
disturbances.  The  profiles  in  section  4.8  compare  Carmen's 
values  to  those  derived  for  the  moving  volume.  Vertical 
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profiles  have  been  area-averaged  and  then  time-averaged 
over  the  eight  analysis  times. 


4.1  Sea  Surface  Temperature 

Figure  6 illustrates  sea  surface  temperature  trends. 

The  comparison  between  disturbed  and  undisturbed  traces 
shows  lower  temperatures  associated  with  disturbed  areas  , 
presumably  due  to  upwelling  of  colder  water.  However,  it 
should  be  noted  that  the  majority  of  the  over-water  disturbed 
areas  were  associated  with  Carmen  throughout  the  study 
times ; thus , the  key  features  in  the  disturbed  trace  can 
be  seen  in  a comparison  of  Carmen  versus  other  disturbances. 
During  its  development,  Carmen's  sea  temperatures  are  lower 
than  those  of  other  disturbed  areas.  As  the  transition  is 
about  to  be  made  from  tropical  storm  to  hurricane,  Carmen's 
sea  temperatures  become  higher  and  remain  so  for  the 
remainder  of  the  period.  Carmen's  trace  shows  decreasing 
temperatures  from  1200  GMT  30  August  to  its  minimum  at 
1200  GMT  31  August  when  Carmen  was  first  designated  as  a 
hurricane.  This  decrease  is  probably  the  result  of  up- 
welling  of  colder  sea  water.  After  1200  GMT  31  August 
the  sea  temperature  increases  agree  with  Carmen's  observed 
intensification  even  though  upwelling  was  still  occurring. 
Perhaps  the  water  in  the  western  Caribbean  is  warmer  than 
that  in  the  eastern  Caribbean. 
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Figure  6 . Temporal  distribution  of  area-averaged  sea 
surface  temperature  in  units  of  °C . 
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4.2  Temperature  Difference 

Vertical  profiles  of  air  temperature  differences  (AT) 
are  presented  in  Fig.  7.  The  profile  on  the  left  represents 
the  average  disturbed  temperature  minus  the  average  undis- 
turbed temperature.  The  significant  features  are  the 
negative  AT  in  the  lower  troposphere,  positive  AT  in  the 
mid-to-upper  troposphere  and  return  to  negative  values 
above  175  mb.  The  lower  negative  region  probably  illus- 
trates the  relative  lack  of  solar  radiation,  lower  sea 
surface  temperatures  and  precipitation-induced  evaporative 
cooling  associated  with  disturbances.  Latent  heat  release 
and/or  subsidence  warming  on  a cumulus  scale  within  the 
disturbances  undoubtedly  accounts  for  the  positive  values 
of  AT  in  the  600-200  mb  layer.  Radiative  cooling  above 
the  deep  cumulus  convection  and/or  adiabatic  cooling  due 
to  weak  upward  motion  are  likely  explanations  for  the 
return  to  negative  AT  above  175  mb.  The  profile  on  the 
right  was  derived  by  subtracting  the  temperature  for  other 
disturbances  from  Carmen's  temperature.  The  positive  AT 
at  the  surface  appears  to  be  due  to  two  factors.  First, 
as  noted  previously,  Carmen's  sea  temperatures  are  generally 
higher  than  those  for  other  disturbed  areas.  Second,  )and 
surfaces  in  disturbed  regions  are  generally  colder  than 
water  surfaces.  In  particular,  over  the  interior  of  Central 
America  and  northern  South  America,  temperatures  were 
sometimes  as  much  as  14°C  lower  than  ocean  temperatures. 
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Some  of  this  difference  is  accounted  for  by  elevation. 

Coastal  regions  more  commonly  showed  temperatures  4-6°C 
lower  than  the  ocean.  The  profile  above  the  surface  is 
similar  to  that  for  disturbed  versus  undisturbed  regions, 
except  that  the  positive  values  of  AT  are  greater.  This 
illustrates  that  Carmen's  convective  activity  was  more 
intense  than  that  for  other  disturbances. 

4 . 3 Relative  Humidity 

Figure  8 gives  vertical  profiles  of  relative  humidity. 

As  expected, disturbed  areas  show  higher  relative  humidities 
than  undisturbed  areas.  A further  anticipated  result  is 
that  Carmen's  humidity  profile  shows  higher  values  than 
other  disturbances.  An  interesting  point  to  note  is  the 
depth  of  moisture.  Undisturbed  areas  only  maintained  >_  50% 
relative  humidity  up  to  about  700  mb;  whereas,  disturbed 
areas  show  values  50%  up  to  nearly  400  mb.  Comparing 
Carmen's  profile  to  that  for  other  disturbances,  gives 
a good  illustration  of  the  depth  of  the  atmosphere  through 
which  humid  air  can  penetrate  with  intense  active  dis~ 
turbances . 

j 

4 . 4 Divergence 

Horizontal  velocity  divergence  profiles  are  presented 
in  Fig.  9.  Undisturbed  regions  show  a shallow  layer  of 
convergence  from  the  surface  to  about  600  mb  followed  by 
weak  divergence  through  the  remaining  depth  of  the  profile. 

The  disturbed  profile  shows  convergence  up  to  about  400  mb 


HORIZONTAL  DIVERGENCE  (IO‘ss'‘  ) 


Figure  9 . 


Same  as  Figure  8 except  for  divergence 
in  units  of  10-5s-1. 


with  divergence  above,  reaching  a maximum  near  175  mb. 

When  the  disturbed  area  is  partitioned  for  comparison 
between  Carmen  and  other  disturbances,  both  profiles 
show  convergence  from  the  surface  up  to  about  ^ 0 0 mb, 
with  divergence  above.  Of  interest  is  the  fact  that 
Carmen's  divergence  shows  a larger  maximum  than  other 
disturbed  areas,  but  its  layer  of  higher  values  is  not 
as  deep.  This  profile  is  typical  of  mature  hurricanes 
in  which  the  upper  level  exhaust  layer  corresponds  to  the 
strong  upward  motion  and  warm  core  features  of  the  system. 
Both  of  these  features  reach  a maximum  in  the  mid-to-upper 
troposphere,  restricting  outflow  to  high  levels. 

4.5  Vertical  Motion 

Vertical  motion,  w,  was  calculated  from  the  horizontal 
velocity  divergence  and  is  displayed  in  Fig.  10.  There 
is  upward  vertical  motion  indicated  in  both  disturbed 
and  undisturbed  regions , with  values  in  disturbed  regions 
being  considerably  larger.  Upward  motion  shown  for  the 
undisturbed  areas  is  nearly  constant  through  the  entire 
depth  of  the  profile.  The  profile  of  Carmen  shows  higher 
values  of  upward  motion  than  that  for  other  disturbances. 
Also,  maximum  values  extend  from  500  mb  to  250  mb.  These 
results  , which  are  similar  to  those  given  for  disturbed 
areas  in  the  western  Pacific  by  Williams  and  Gray  (1973)  , 
confirm  the  discussion  above. 
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4.6  Relative  Vorticity 

Figure  11  presents  vertical  profiles  of  relative 
vorticity.  Undisturbed  regions  show  weak  anticyclonic 
vorticity  except  at  the  surface  and  upper-most  levels. 

Maximum  anticyclonic  vorticity  is  located  near  500  mb. 

This  profile  agrees  with  that  found  in  clear  areas  in  the 
West  Indies  by  Ruprecht  and  Gray  (1976a)-,  however,  their 
values  were  considerably  larger.  Disturbed  areas  show 
cyclonic  vorticity  from  the  surface  to  near  350  mb  where 
vorticity  becomes  anticyclonic.  Ruprecht  and  Gray  (1976a) 
found  that  cloud  clusters  in  the  West  Indies  were  embedded 
in  a field  of  weak  anticyclonic  vorticity  at  all  levels. 

The  profile  presented  in  the  present  paper  resembles  more 
closely  their  profile  for  the  western  Pacific  cloud  clusters. 
This  finding  is  more  realistic  than  it  may  first  appear 
to  be  since  the  results  of  Ruprecht  and  Gray  are  annual 
means;  whereas,  the  present  results  are  for  late  summer. 
Furthermore,  the  West  Indies  area  studied  by  Ruprecht  and 
Gray  was  bounded  approximately  by  latitudes  30°N  and  15°N 
while  the  present  area  extends  southward  to  7.5°N  (Fig.  3). 

In  contrast,  the  Western  Pacific  area  investigated  by 
Ruprecht  and  Gray  was  bounded  approximately  by  15°N  and 
the  equator.  Thus,  the  seasonal  progression  of  climatolo- 
gical features  (e.g.,  equatorial  trough  zone,  subtropical 
high  pressure  belt)  associated  with  disturbed  and  undisturbed 
areas  suggests  that  the  present  results  are  not  in  total 


disagreement  with  those  of  Ruprecht  and  Gray.  When  the 
disturbed  areas  are  partitioned,  Carmen's  profile  shows 
strong  cyclonic  vorticity  from  the  surface  up  to  300  mb, 
with  anticyclonic  vorticity  above.  Maximum  cyclonic  vor- 
ticity for  Carmen  occurred  at  850  mb,  while  maximum  anti- 
cyclonic vorticity  was  located  at  150  mb.  Other  disturbances 
show  a much  shallower  layer  of  cyclonic  vorticity.  The 
vorticity  is  also  considerably  weaker.  Carmen  shows  a 
net  cyclonic  vorticity  of  about  0.6  x 10-^s-1  for  the 
column;  whereas,  other  disturbances  show  a net  value  of 
near  zero.  As  stated  in  Chapter  1,  McBride  found  that 
genesis  potential  (£g0Q  mb  - S20Q  mb>  was  3-4  times  greater 
for  cloud  clusters  which  developed  into  tropical  storms 
than  for  those  which  did  not.  His  average  value  of  genesis 
potential  for  developing  systems  is  2.5  x 10~^s-^.  This 
compares  favorably  to  the  present  value  of  2.8  x 10~^s~^ 
taken  from  Fig.  11  for  Carmen. 

4.7  Kinetic  Energy  Content 

Figure  12  shows  profiles  of  kinetic  energy  content. 

As  anticipated,  kinetic  energy  is  greater  in  disturbed 
areas  than  in  undisturbed  areas.  Also,  Carmen  possesses 
a much  greater  kinetic  energy  content  than  other  distur- 
bances . 

Figure  13  shows  time  plots  of  vertically-integrated 


kinetic  energy  content.  The  most  interesting  feature  is 
the  comparison  between  Carmen  and  other  disturbances. 
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Same  as  Figure  8 except  for  kinetic  energy 
content  in  units  of  105Jm~2. 
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Figure  13.  Same  as  Figure  6 except  for  vertical  integrals 
of  kinetic  energy  content  in  units  of  105Jm“2. 
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While  other  disturbances  show  relatively  little  change  in 
kinetic  energy  content.  Carmen  shows  a significant  varia- 
tion. Caution  should  be  exercised,  however,  in  interpreting 
the  value  at  1200  GMT  31  August  when  Carmen  is  first  diag- 
nosed as  a hurricane.  At  this  time  its  convective  cloud 
pattern  is  comparatively  compact,  occupying  less  than  2% 
of  the  total  area  studied.  At  all  other  times,  except  the 
last.  Carmen  occupies  6-12%  of  the  total  area  (see  Table  1). 

4.8  Comparison  Between  Carmen  and  Moving  Volume  Computations 

The  quantities  compared  are  temperature  difference, 
relative  humidity,  vertical  motion,  horizontal  divergence, 
zonal  component  of  the  wind,  relative  vorticity  and  kinetic 
energy.  Table  2 gives  the  percentage  of  the  moving  volume 
occupied  by  the  disturbed  area  representing  Carmen.  Occas- 
ionally, Carmen  extended  beyond  the  boundaries  of  the  moving 
volume;  however,  this  extension  never  exceeded  one  grid 
distance . 

The  temperature  difference,  which  was  derived  by 
subtracting  the  moving  volume  average  temperature  at 
each  pressure  level  from  Carmen's  average,  is  shown  in 
Fig.  14.  The  profile  shows  that  the  convectively-active 
area  of  Carmen  is  cooler  in  the  lower  troposphere  and 
warmer  in  the  middle  and  upper  troposphere  than  the  remain- 
ing area  of  Carmen  and  its  environment.  This  implies  that 
deep  convection  associated  with  Carmen  inhibits  solar 
insolation  near  the  surface.  When  Carmen's  time-averaged 


TEMPERATURE  DIFFERENCE  (°C) 


Vertical  distribution  of  temperature  differ- 
ence between  Carmen  and  the  moving  volume  in 
units  of  °C. 
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sea  surface  temperature  (Fig.  6)  was  compared  to  that  given 
by  Vincent  and  Waterman  (1978)  for  the  moving  volume,  the 
former  was  only  about  0.1°C  lower.  It  also  appears  that 
precipitation-induced  evaporative  cooling  within  Carmen 
is  a contributing  factor  to  lower  temperatures  at  low  levels. 
The  higher  temperatures  in  Carmen  above  GOO  mb  are  most 
likely  due  to  latent  heating. 

Figure  15  shows  relative  humidity  profiles  for  Carmen 
and  the  moving  volume,  as  well  as  the  difference  between 
the  two  profiles.  Note  that  Carmen's  values  exceed  those 
for  the  moving  volume  in  the  600-250  mb  by  at  least  5%. 

Figure  16  shows  comparative  profiles  of  vertical 
motion,  horizontal  divergence,  zonal  component  of  the 
wind  and  relative  vorticity.  Carmen's  values  are  similar 
to  those  for  the  moving  volume,  but  slightly  greater  in 
magnitude.  The  smaller  values  for  the  moving  volume  are 
probably  due  to  its  larger  area  which  includes  more  of 
the  storm's  environment. 

Figure  17  shows  profiles  of  kinetic  energy  content. 
Profiles  are  almost  identical  with  Carmen's  values  being 
slightly  greater  at  all  levels.  The  vertically-integrated 
value  for  Carmen  is  about  20%  greater  than  that  for  the 
moving  volume . 
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Figure  15.  Vertical  distribution  of  area-averaged 

relative  humidity  (left)  for  Carmen  (solid 
line)  and  the  moving  volume  (dashed  line), 
relative  humidity  difference  between  Carmen 
and  the  moving  volume  (right).  Humidity 
given  in  percent. 
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V.  CONCLUSIONS 


In  this  study  a diagnostic  comparison  has  been  made 
between  disturbed  and  undisturbed  conditions  in  the 
Caribbean  area  during  the  intensification  of  Hurricane 
Carmen.  Disturbed  and  undisturbed  areas  were  identified 
using  SMS-1  infrared  imagery.  The  period  of  study  was 
0000  GMT  30  August  1974  through  1200  GMT  2 September  1974 
and  was  coincident  with  Carmen's  development  from  a tropi 
cal  depression  to  a major  hurricane.  The  period  of  study 
also  fell  within  the  Global  Atmospheric  Research  Program' 
(GARP)  Atlantic  Tropical  Experiment  (GATE)  which  took 
place  from  mid-June  to  mid-September  1974. 

Satellite  pictures  have  been  used  in  this  study  to 
partition  results  into  those  applicable  to  disturbed 
and  undisturbed  areas.  Disturbed  areas  have  been  further 
partitioned  into  Carmen  and  other  disturbances. 

Rawinsonde  data  were  used  to  determine  the  distribution 
of  several  observed  and  computed  parameters  in  each  of 
these  four  groups. 

One  of  the  goals  of  this  study  was  to  ascertain  if 
meaningful  information  could  be  gleaned  from  short-term 
averages  for  a single  case  study.  Previous  studies  have 
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relied  on  long-term  composited  means.  In  general,  it  was 
found  that  the  present  short-term  means  did  yield  meaningful 
results  and  it  is  suggested  that  the  technique  used  in  this 
study  is  worthy  of  further  consideration. 

The  main  conclusions  of  this  study  are  summarized 
below.  First,  lower  sea  surface  temperatures  were  found 
to  be  associated  with  disturbed  areas.  Second,  except  in 
the  subcloud  layer  where  there  was  a lack  of  solar  insola- 
tion and  evaporative  cooling  occurred,  and  at  cloud  top 
heights  where  adiabatic  and  radiative  cooling  took  place, 
disturbed  areas  were  warmer  than  undisturbed  areas.  Third, 
relative  humidities  > 50%  were  found  to  extend  over  a 
greater  depth  in  disturbed  areas.  Fourth,  low  level  con- 
vergence and  upper  level  divergence  were  found  in  both 
disturbed  areas  and  undisturbed  areas;  however,  undisturbed 
values  were  extremely  small.  Carmen's  low  level  convergence 
and  upper  level  divergence  were  greater  than  those  found 
in  other  disturbances  and  its  maximum  divergence  was  res- 
tricted to  a narrower  layer.  This  feature  is  common  of 
most  mature  hurricanes.  Fifth,  both  disturbed  and  undis- 
turbed areas  exhibited  upward  vertical  motion;  however, 
undisturbed  values  were  small.  The  strongest  upward 
motion  was  found  in  Carmen.  Sixth,  relative  vorticity 
profiles  showed  that  disturbances  were  characterized  by 
low  level  cyclonic  vorticity  with  upper  level  anticyclonic 
vorticity.  The  depth  of  the  low  level  cyclonic  vorticity 
was  greater  for  Carmen  than  for  other  disturbances. 


Undisturbed  areas  existed  in  a field  of  anticyclonic 
vorticity  through  nearly  the  entire  depth  of  the  column. 
Seventh,  very  little  difference  existed  between  the  kinetic 
energy  of  disturbances  other  than  Carmen  and  undisturbed 
areas;  however,  Carmen’s  kinetic  energy  was  considerably 
greater  than  that  for  other  disturbances. 

Comparisons  made  between  the  active  cloud  portion  of 
Carmen  and  the  larger  moving  volume  containing  Carmen 
and  its  environment  (Vincent  and  Waterman,  1978),  showed 
remarkable  similarity  in  area-averaged  vertical  profiles. 

The  present  values  were  generally  a little  greater,  pre- 
sumably due  to  the  larger  area  over  which  quantities  were 
averaged  in  the  Vincent  and  Waterman  results. 

Though  the  technique  applied  in  this  study  was  gen- 
erally successful,  it  is  conceivable  that  the  identification 
of  disturbed  areas  could  be  improved  if  special  types  of 
data  were  available.  For  example,  radar  echoes  received 
from  the  Planned-Position  Indicator  (PPI)  and  Range-Height 
Indicator  (RHI)  could  serve  as  a cross  reference  to  insure 
that  only  true  deep  convection  was  identified  from  the 
satellite  imagery.  In  addition,  infrared  image  enhancement 
of  satellite  irradianqe  or  derived  temperatures,  could  be 
used  with  the  assumption  of  some  discriminant  value  as  an 
indicator  of  deep  convection. 
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APPENDIX 


pressure 

time 

total  derivative  operator 

partial  derivative  operator 

del  operator  on  an  isobaric  surface 


horizontal  wind  vector  on  an  isobaric  surface 


zonal  component  of  velocity 
meridional  component  of  velocity 
vertical  motion  (dp/dt) 
relative  vorticity 
zonal  direction 
meridional  direction 
kinetic  energy  content 


